provides considerably higher data rates than even early releases of LTE. One key enhancement feature is bandwidth extension by the use of multicarrier technology to support deployment bandwidth up to 100 MHz. In order to achieve up to 1 Gb/s peak data rate in IMT-Advanced mobile systems, carrier aggregation technology is introduced by the 3GPP to support very-high-datarate transmissions over wide frequency bandwidths (e.g., up to 100 MHz) in its new LTE-Advanced standards. The carrier aggregation (CA) technology allows scalable expansion of effective bandwidth provided to a user terminal through simultaneous utilization of radio resources across multiple carriers. The CA in LTE-Advanced is designed to support aggregation of a variety of different arrangements of component carriers (CCs) , including CCs of the same or different bandwidths, contiguous or non-contiguous CCs in the same frequency band, and CCs in different frequency bands. The CA is supported by both formats of LTE, specifically the frequency Division Duplex (FDD) and Time Division Duplex (TDD) variants. This guarantees that both FDD LTE and TDD LTE are able to meet the high data throughput requirements placed upon them. This paper provides an outline of carrier aggregation including aggregation structure, deployment scenarios, implementation, main design features and backward compatibility with legacy LTE systems.
INTRODUCTION
In recent years the communication industry witnessed a successful revolution in packet data application services [1] . Providing high quality of service for mobile applications in a cost-effective manner becomes increasingly important for operators to meet consumer needs [2] . Toward this end, the International Telecommunication Union-Radiocommunication Sector (ITU-R) set the requirements for International Mobile Telecommunications Advanced (IMT-Advanced) where one of its key [3] is to support enhanced user and service demands, peak data rate targets of 1 Gb/s for low mobility and 100 Mb/s for high mobility.
In response to IMT-Advanced's requirements, the Third Generation Partnership Project (3GPP) started the next version of Long Term Evolution (LTE)-Advanced, Release 10, in May 2008 [4] [5] . The LTE-Advanced based on the 3GPP LTE Release 8/9 specification. LTE is built on flat radio access network architecture without a centralized network component, supporting scalable bandwidth up to 20 MHz providing peak data rates of 300 Mb/s in the downlink and 75 Mb/s in the uplink by using a combination of advanced multi-antenna techniques, and orthogonal frequency-division multiple access (OFDMA) in the downlink (DL) and single-carrier orthogonal frequency-division multiple access (SC-OFDMA) in the uplink (UL) [6] .
To achieve the peak data rates required by IMT-Advanced, 3GPP LTE Release 10 has introduced carrier aggregation (CA) as one of the main features of LTE-Advanced to scale the system bandwidth beyond 20 MHz [7] up to 100 MHz [8] . However, such a large portion of continuous spectrum in practice is rarely available. Therefore, LTE-Advanced uses CA which can be supported by simultaneously aggregating up to five CCs of 20 MHz, subject to spectrum availability and the UE's capability. Also, CA enables efficient use of fragmented spectrum, irrespective of the peak data rate. In addition, CA supports heterogeneous networks. With each CC being LTE compatible, CA lets operators to migrate from LTE to LTEAdvanced while continuing service to LTE users [9] .
The objectives of this article are to provide an overview of LTE-Advanced CA and to highlight open research issues related to it. The CA technology allows scalable expansion of effective bandwidth provided to a user terminal through simultaneous utilization of radio resources across multiple carriers. Each CC can take any of the transmission bandwidths supported by LTE Release 8, i.e. 6, 15, 25, 50, 75 or 100 Resource Blocks (RBs), corresponding to channel bandwidths of 1.4, 3, 5, 10, 15 and 20 MHz respectively. The CA is supported by both formats of LTE, specifically the frequency Division Duplex (FDD) and Time Division Duplex (TDD) variants. This guarantees that both FDD LTE and TDD LTE are able to meet the high data throughput requirements placed upon them. Support for this attribute requires enhancement to the LTE Release 8/9 PHY, MAC, and RRC layers while ensuring that LTE Release 10 maintains backward compatibility to LTE Release 8/9.
The rest of paper is organized as follows in Section II, an overview of LTE-Advanced CA scenarios is followed, in Section III, by a discussion on protocols for carrier aggregation. Section IV then discusses physical layer aspects. Finally, conclusions are drawn in Section V.
II. LTE-ADVANCED CA SCENARIOS
Two or more component carriers can be aggregated to provide wider transmission bandwidths up to 100 MHz. Spectrum deployments can be either contiguous or noncontiguous. Support for CA feature requires enhancement to the LTE Release 8/9 physical, medium access control (MAC), and radio resource control (RRC) protocol layers. To a legacy LTE terminal, each CC will appear as an LTE carrier, while an LTE-Advanced terminal can use the total aggregated bandwidth.
The LTE utilizes wider carrier bandwidths such as 10 and 20 MHz, compared to 1.25 and 5 MHz used in 3G systems. However, special design consideration is needed to enable LTE-Advanced CA to meet the challenging spectrum and deployment scenarios.
A. Spectrum Scenarios
Generally, there are three different spectrum scenarios as follows ( Fig.1) [10]:
The Intra-band contiguous carrier aggregation: This form of CA uses a single band. It is the simplest form of LTE carrier aggregation to implement. Here the carriers are contiguous to each other. The spacing between center frequencies of contiguously aggregated CCs is a multiple of 300 kHz to be compatible with the 100 kHz frequency raster of Release 8/9 and preserving orthogonality of the subcarriers with 15 kHz spacing.
The Intra-band Non-contiguous carrier aggregation:
This form is more complicated than the first case where adjacent carriers are used. The multi-carrier signal cannot be treated as a single signal and therefore two transceivers are required. This adds significant complexity, particularly to the UE where space, power and cost are major considerations.
The Inter-band non-contiguous: This type of CA uses different bands. It will be of exacting use because of the fragmentation of bands -some of which are only 10 MHz wide. For the UE it needs the use of multiple transceivers within the single item, with the usual impact on cost, performance and power. Additional, there are also further complexities resulting from the requirements to reduce inter-modulation and cross modulation from the two transceivers. With this kind of aggregation, mobility robustness can potentially be improved by exploiting different radio propagation characteristics of different bands [11] . 
B. Deployment Scenarios
In general, the purpose of the CA systems is to improve data rates for users within the overlapped areas of cells. With CA, various network deployments are possible. The following deployment scenarios may be used in CA. Figure 2 shows only two CCs denoted CC1 and CC2 are assumed. However, a larger number of CCs in practice can be considered as well as deployments with mixed scenarios.
Scenario 1: One of the most typical scenarios envisaged is where eNodeB antennas are collocated and have the same beam directions/patterns for the CCs, providing nearly the same coverage on all CCs (Fig. 2) . Cells with CC1 and CC2 are located and overlaid within the same band.
Scenario 2: In practice, spectrum allocation for an operator is often dispersed across different bands, having large frequency separation. Cells with CC1 and CC2 are located in different bands. In such cases coverage for a CC may be smaller than that of another CC(of a lower frequency) (Fig. 2) . In this case CA allows higher user throughput at places where coverage of CCs overlap.
Scenario 3: Cells of CC1 and CC2 are co-located with CC1 and CC2 in different bands. In some deployments the eNodeB antennas for different CCs can have different beam directions/patterns where the direction of antenna beams are purposely shifted across carriers to improve the cell edge data rates and throughput (Fig. 2) . CA is supported where coverage overlaps for the CCs of the same eNodeB.
Scenario 4: The CC1 of a regular eNodeB provides macrocell coverage, whereas remote radio head (RRH) of CC2 cells are used to improve throughput at traffic hotspots. RRH cells are connected via optical fibers to the eNodeB, thus allowing the aggregation of CCs between the macrocell and RRH cell based on the same CA framework for collocated cells. Such deployment allows the operator to efficiently improve system throughput by using low cost RRH equipment.
However, there are some limitations that should be considered when CA is applied to network deployments. One of them is the existence of frequency selective repeaters that boost specific CCs only. When these repeaters are existent, the propagation delay may be different across boosted and nonboosted CCs, hence requiring separate transmission timing control for the UL. In LTE-Advanced the focus is on scenarios not requiring separate management of transmission timings and synchronization status per CC for the UL. Therefore, scenarios with repeaters and scenarios with RRH as shown in Fig. 2 , which may also require separate UL timing control, are not considered for LTE-Advanced for the UL. However, scenarios with RRH and repeaters have already been considered for the DL in LTE-Advanced. 
III. PROTOCOLS FOR CARRIER AGGREGATION
The services offered by higher layers are filled by user plane and control plane function. The user plane is responsible for data communicational, and the control plane is responsible for maintaining the connection between the network and the UE. LTE-Advanced CA is designed to maintain backward compatibility. Thus it is possible to construct each CC such that it is fully accessible to legacy LTE UEs. Therefore, Primary and Secondary Synchronization Signals (PSS and SSS) and System Information (SI) specific to each CC are transmitted on the respective CC. As a result, the technology developed for LTE Release 8 can be reused on aggregated LTE-Advanced CCs. From the higher layer viewpoint, each CC appears as a single cell with its own Cell ID. Each UE connects to one Primary Serving Cell (PCell) which is initially configured during connection establishment and provides all necessary control information and functions, such as non-access stratum (NAS) mobility information, security input, RRC connection maintenance, etc. Besides, up to four Secondary Serving Cells (SCells) may be configured after connection establishment, only to provide additional radio resources. The phrase Serving Cell can refer to either a PCell or a SCell. The same frame structure is used in all aggregated serving cells, and, for FDD, CA comprises a pair of different carrier frequencies for the uplink-downlink configuration. For TDD, the uplink-downlink transmission across all serving cells is the same.
A. Cell Management
The control procedure that enables addition, removal, and reconfiguration of a secondary cell (SCell) or switching the primary cell (PCell) of user equipment (UE) is known as a cell management. The UE establishes a connection to a cell by following the usual legacy Release 8/9 procedures. Initially, the PCell is configured during connection establishment. The configured set of serving cells for a UE always contains one PCell and may also contain one or more SCells. The number of SCells that can be configured depends on the aggregation capability of a UE. The necessary information, including SI of a SCell is transmitted to the UE via dedicated RRC signaling. Additionally, removal, and reconfiguration of SCells to a UE are also performed by dedicated RRC signaling. The network may decide to change the PCell for the UE. The LTE Release 8 signaling specifications enable PCell changing, via the handover procedure. Intra-LTE handover in LTE-Advanced allows the source PCell to pass all necessary information to the target PCell which configures one or more SCells for UE to use immediately after handover.
B. Mobility Management
Mobility management is one of the important functions in a mobile communication system that allows mobile phones to work. In order to allow mobility, a UE deals with a CC in the same way as another carrier frequency, and UE shall perform different kinds of measurements as instructed by the network including intra-and interfrequency measurements which are for LTE carriers, and inter radio access technology (RAT) measurements which are for carrier with a RAT other than LTE. For LTE-Advanced, the following event-triggered reporting criteria are defined [14] :
• Event A1. Serving cell becomes better than absolute threshold.
• Event A2. Serving cell becomes worse than absolute threshold.
• Event A3. Neighbor cell becomes better than an offset relative to the serving cell.
• Event A4. Neighbor cell becomes better than absolute threshold.
• Event A5. Serving cell becomes worse than one absolute threshold and neighbor cell becomes better than another absolute threshold.
• Event A6. Intra-frequency neighbor becomes better than an offset relative to a SCell.
For inter-RAT mobility, the following criteria for measurement reporting are defined:
• Event B1. Neighbor cell becomes better than absolute threshold.
• Event B2. Serving cell becomes worse than one absolute threshold and neighbor cell becomes better than another absolute threshold.
A new measurement even A6 is introduced for LTEAdvanced CA to compare the neighbor cells on a SCC to the SCell of that SCC, so allowing fast reconfiguration of SCells.
C. Discontinuous reception procedure
The discontinuous reception (DRX) is already provided in LTE Release 8/9. If one or more SCells are configured for a UE in addition to the PCell, the same DRX operation applies to all the serving cells. According to network configuration and ongoing HARQ processes, UE determines the DRX ON/OFF duration common to all serving cells. This means that the active times for PDCCH monitoring are identical across all downlink CCs.
D. SCell Activation/Deactivation
SCell activation/deactivation is a mechanism planning to reduce UE power consumption in LTE-Advanced carrier aggregation on top of DXR. For a deactivated SCell UE does not receive any downlink signal; nor does the UE transmit any uplink signal. The UE is also not required to perform measurements for Channel State Information (CSI) reporting. Deactivated SCells can, however, be used as the path-loss reference for the measurements for uplink power control. It is assumed that these measurements would be less frequent while the SCell is deactivated, in order to obtain power savings at the UE. Conversely, for an activated SCell, UE performs normal activities for downlink reception and uplink transmission. Activation and deactivation of SCells is under eNodeB control. The SCell activation/deactivation is enabled by a combination of explicit and implicit means where the network can issue an activation/deactivation command in the form of a MAC control element .A timer may also be used for automatic deactivation if no data or PDCCH messages are received on a CC for a certain period; this is the only case in which deactivation can be executed autonomously by the UE. Serving cell activation/deactivation is performed independently for each SCell, allowing UE to be activated only on a necessary set of SCells. Activation/deactivation is not applicable for the PCell since the functions provided by the PCell require it to always remain activated when the UE has an RRC connection to the network.
IV. PHYSICAL LAYER ASPECTS
The exchanging of the data and control information between network and UE is the responsibility of the physical layer. LTE-Advanced CA inherits the legacy LTE data transmission procedure per CC, including the modulation, channel coding (MCS) and multiple access scheme. Additional UE functionalities are supported in LTEAdvanced. However, the most important functionalities are improving downlink and uplink control design to provide efficient data transmission.
A. Downlink Control Design
A control signaling region for the Physical Control Format Indicator Channel (PCFICH), Physical Downlink Control Channel (PDCCH) and Physical HARQ Indicator Channel (PHICH) of each downlink CC is carried at the start of each subframe, as in LTE Release 8.
Physical Downlink Control Channel (PDCCH)
As in LTE Release 8, it supports information on recourse allocation, MCS, hybrid automatic repeat request (HARQ), and other related parameters for data transmission on a physical downlink shared channel (PDSCH) and physical uplink shared channel (PUSCH). It is possible for PDCCH on each CC to carry downlink resource assignments applicable to the same carrier frequency and PDCCH scheduling a PUSCH on the associated uplink CC where SI coveys the linkage of the DL and UL carriers [15] .
In addition, a key characteristic of CA is a crosscarrier scheduling. This enables a PDCCH on a CC to be configured in order to schedule PDSCH and PUSCH transmissions on other CCs by means of new 3-bits carrier indicator field (CIF) inserted at the beginning of the PDCCH messages. The main motivation for cross-carrier scheduling is to support Inter-Cell Interference Coordination (ICIC) for PDCCH in heterogeneous networks which comprising a mixture of high and low power network nodes [16] . Thus, CA can reduce or even eliminate inter-cell interference on PDCCH. Only a CC, with cross-carrier scheduling, needs to be protected for transmission of PDCCH, which can schedule data resources on any CC and improved data rates. Fig. 3 shows a typical heterogeneous network scenario where CC1 used by macrocell at high power and picocell at low transmit power; whereas the CC2 used by macrocell at reduced power and picocell at low transmit power. In this case, cross-carrier scheduling from CC2 is available. Fig.3 : A heterogeneous network deployment with macrocells and small cells sharing two CCs [17] .
Physical Control Format Indicator Channel (PCFICH)
The PCFICH is carried at the start of each subframe, and transmits a control format indicator (CFI) field, which specifies the number of OFDM symbols carrying control information in the subframe. Based on the decoded CFI value, UE derives the starting point of PDSCH transmission. In the case of PDSCH non-cross-carrier scheduled by PDCCH on the same component carrier, UE is required to decode the PCFICH in order to determine the starting OFDM symbol used for PDSCH. For PDSCH cross-carrier scheduled by PDCCH on another carrier, the starting OFDM symbol for PDSCH transmission is configured by the network though higher layers, and the UE is not required to decode the PCFICH on the CC of the PDSCH transmission.
Physical HARQ Indicator Channel (PHICH)
The PHICH is used for transmission of the HARQ ACK/NACKs information associated with a PUSCH transmission. The design of the PHICH in LTE-Advanced CA follows the design of LTE Release 8 [5] . The PHICH is transmitted on the downlink CC which already was used to transmit the corresponding uplink resource grant.
B. Uplink Control Design
In case of CA, uplink control signaling (HARQ ACK/NACK signaling, scheduling requests and Channel State Information (CSI) feedback may be configured to support up to five downlink CCs on a single uplink carrier. In order to handle CA, many configurations can be given per downlink carrier by the higher-layer configurations which lead to high flexibility in uplink control and allow for independent feedback. In addition to carrier aggregation, within the same carrier, UE has the ability to simultaneously transmit both PUSCH and PUCCH [18] .
HARQ Feedback
HARQ feedback specifies whether a transport block (TB) is correctly received. A UE may send a HARQ ACK/NACK for every downlink TB. Thus, HARQ ACK/NACKs are up to ten per subframe in the case of downlink spatial multiplexing with five downlink CCs. Since the LTE Release 8 Physical Uplink Control Channel (PUCCH) was not designed to transmit such large numbers of ACK/NACK bits, new multibit ACK/NACK PUCCH formats are defined in LTEAdvanced to support CA. PUCCH format 3 which is designed to convey large HARQ ACK/NACK payloads; PUCCH format 1b with PUCCH channel selection, the selection of one of the channels indicates some of the ACK/NACK information to be conveyed.
According to UEs that carry no more than four ACK/NACK bits and are configured with up to two CCs, PUCCH format 1b with channel selection is utilized. For UEs that carry more than four ACK/NACK bits, both PUCCH format3 and format 1b with channel selection are supported, where PUCCH format 1b with channel selection is used for up to four ACK/NACK bits and two configured CCs while format 3 can be used for the full range of ACK/NACK bits. RRC signaling indicates which PUCCH format is used in this case [19] .
Channel State Information
CSI feedback assists the network to achieve PDSCH scheduling, including resource selection, MCS selection, transmission rank indicator (RI), and precoding matrix indicator (PMI). In order to handle the different channel conditions and interference levels among different CCs, CSI is configured for each CC. Both periodic CSI and aperiodic CSI feedback are supported in LTE-Advanced, where periodic CSI feedback is independently configured for each download CC by RRC signaling, and aperiodic CSI is dynamically triggered by the network via PDCCH. In CA, periodic CSI is reported for only one CC in a subframe. Different offsets and periodicities should be configured to minimize collisions between CSI reports of different CCs in a subframe. In case the collisions involve the multiple periodic CSI reports, the priority is according to defined Prioritization rules. Aperiodic CSI feedback is transmitted on PUSCH and carries more CSI than periodic CSI feedback. In the case of a collision between periodic CSI and aperiodic CSI for downlink CCs, the periodic CSI is dropped and only the aperiodic CSI feedback.
V. OPEN ISSUES
Considering an inter-band non-contiguous (IBNC) LTEAdvanced system, the first issue to consider is the LTEAdvanced terminal antenna system. The equipment designer must know in advance what CCs are to be used for CA in a given LTE-Advanced network so that UE antenna system is designed. Possible candidate would be either a multiband antenna or a Ultra-wideband (UWB) antenna system. Although the first may not be feasible as one must know the exact bands available for the CCs to be implemented in a given geographical region. And there is no guarantee that the exact same bands to be used by the LTE-Advanced network in one country are going to be reused exactly in another location. Although a UWB antenna system might seem more suitable but it comes with the expense of antenna gain and beam width. Another issue related to low very VHF and UHF CCs is the antenna size to be implanted into the UE equipment. With today's miniature antenna systems, it seems a bit challenging to design such efficient multi-frequency band antenna system.
Another issue that has to do with LTE-Advanced UE terminal is the complexity of packing several receivers into one box each designed for different LTE system parameters. For example, a 1.2MHz LTE receiver when combined with another 10, 20 or even a 100MHz LTE receiver, and probably more, might seem a not so trivial task due to the different requirements. A software defined radio might be a possible candidate to do the job but it comes with the price of delay and cost and the relative maturity of the system.
From the network perspective, another interesting issue might be disguised in a form of drawback or an advantage. For example, for the scenario 2 envisaged above, when all eNodeB antennas are collocated and have the same beam directions/patterns for the same coverage on all CCs but with different frequency bands. In this case higher user throughput at places where coverage overlaps but it might lead also to interference with neighboring cells due to different signal pathloss. Having an extended coverage deep inside the neighboring cell limits frequency reuse and introduces interference, a problem that is avoided always in cellular network planning.
All the above issues are strongly related to IBNC LTEAdvanced systems when put together might limit the use of a specific UE model to a specific geographical region hence increasing its cost and reducing its market penetration.
Another issue is how to schedule heterogeneous traffic belonging to the same or different UEs on different RBs belonging to different CCs on the same or different frames in a fair manner while simultaneously utilizing the channel response opportunistically to optimize the resources properly [20] [21] [22] [23] [24] [25] [26] [27] [28] .
The utilization of advanced MIMO antenna systems [29] [30] [31] with beam forming to nullify the interference and maximize system throughput and capacity is another issue that needs careful consideration as the size on the UE terminal is very limited and not always available.
VI. CONCLUSIONS
This article provides an overview of CA in 3GPP LTEAdvanced, with particular focus on the LTE Release 10 features being developed in 3GPP as well as expected deployment scenarios of CA. The motivations behind introducing CA for LTE-Advanced are to support of high data rates, efficient utilization of fragmented spectrum, and support of heterogeneous network deployments. Each CCs in LTEAdvanced inherits the design of LTE Release 8, whereby maintaining the advantages of legacy technologies, and reducing the cost per bit and saving energy. Carrier aggregation will continue to be one of the most important techniques in the next generation telecommunication systems.
